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INTRODUCTION 

Tantalum is deposited in two phases: a body-centered-cubic a-phase (Im3m space group), 
and a metastable tetragonal ß-phase (P42/mnm space group). Bulk tantalum, predominately a- 
phase, possesses good chemical, thermal, and mechanical properties, including a high melting 
temperature of 2996°C, elastic modulus similar to that of substrate steel, good ductility and 
formability, and resistance to aggressive hot propellant gases. The physical properties of ß-phase 
tantalum are not well known, except that it is hard, brittle, thermally unstable, and transforms 
into a-phase tantalum at 750° to 1000°C. 

Mellors and Senderoff (refs 1-3) have described a molten salt process for depositing 
dense, high purity, refractory metals including tantalum. Then Cullinan et al. (ref 4), Ahmad et 
al. (ref 5), and Aalto et al. (ref 6) applied the technique to study wear and erosion in 20-mm and 
105-mm interior bore liners. Figure 1 shows the results after liners were subjected to cyclic 
exposure of high-pressure, hot propellant gases during firing tests. The wear remained low in 
tantalum-coated liners, but increased greatly with rounds fired in chromium-coated liners. 
Ahmad et al. (ref 7) further reported that tantalum-chromium alloys deposited from molten salt 
resulted in increased microhardness compared to the pure tantalum metal. However, only limited 
photomicrography and hardness data were available from these studies. Thompson and Pan (ref 
8) electroplated tantalum specimens from molten salt on copper plates and observed both a- and 
ß- phases. Holloway and Fryer (ref 9) and Catania et al. (ref 10) studied the potential application 
of tantalum thin films as a diffusion barrier against copper diffusion in semiconductors. 
Clevenger et al. (refs 11,12) studied the ß- to a- phase transformation and stress relaxation in 
sputtered tantalum thin films. Cabral et al. (ref 13) reported that during thermal cycling, ß-phase 
tantalum thin films exhibited highly compressive stress and became extremely brittle. 

Cylindrical magnetron sputtering systems were constructed to perform high rate 
sputtering of refractory coatings onto cylinders with large length-to-diameter ratios. Cox and 
McClanahan (ref 14) studied high-rate sputtering of tantalum at temperatures under 500°C and 
concluded that the process can produce adherent defect-free uniform coatings on 120-mm steel 
cylinders. Matson et al. (ref 15) reported that triode-sputtered tantalum on a 120-mm steel 
cylinder with a niobium interface layer produced all a-phase tantalum coatings. Lee and 
Windover (ref 16) characterized the triode-sputtered coatings and found surface and interstitial 
oxygen, a-phase tantalum, tensile surface stresses, and preferred [110] orientation with in-plane 
anisotropy. 

High temperature molten salt deposition is an established plating process. However, its 
application to high temperature wear and erosion of cylindrical structures has not been fully 
explored. This study demonstrates that such coatings are low-hardness, ductile, randomly- 
oriented, cubic a-phase tantalum. Formation of tantalum oxides, surface compressive residual 
stresses, a layer of hard tantalum carbide of 2-|im thickness at the tantalum/steel interface, 
swaging of the coatings, and fatigue cracks all play roles in wear and erosion of tantalum. 
Magnetron sputtering deposition of environmental-friendly refractory coatings on the interior 
bore of cylinders is a new technology currently under development in our laboratory. The 
analysis of several sputtered tantalum specimens showed mixtures of low-hardness, body- 



centered-cubic a- and hard tetragonal ß- tantalum phases. The microstructure was zone 1 and 
zone Tin Thornton's structure model (refs 17-19). Our results provide input to the design and 
development of future refractory coatings for full-length (4.5-m) cylinders. 

MOLTEN SALT ELECTROCHEMICAL DEPOSITION PROCESS 

Figure 2a displays the electrolyte cell used to plate tantalum on the steel liners, showing 
the tantalum anode and the cylindrical liner as cathode. Figure 2b shows the liner-cylinder 
assembly. Figure 2c is a schematic of tube rifling showing the distinction between lands and 
grooves seen in cross-sectional photomicrographs. The 'liner technology' was developed because 
the 700° to 850°C molten salt temperature can cause degradation in the mechanical properties of 
the substrate steel. Several reports have described the engineering of liners, the electrochemical 
molten salt deposition process, shrink-fit operation, and subsequent firing tests (refs 4-6). The 
electrolyte used in the deposition was a eutectic mixture of LiF-NaF-KF (FLiNaK), to which 5 
to 10% K2TaF7 was added. For maximum anode and cathode efficiency, the salts must be free of 
moisture, oxides, and the other halogens. Senderoff et al. (ref 3) suggested that the following 
intermediate reversible process produced insoluble TaF2, which interferes with the dendritic 
growth by providing additional nucleation sites to give dense coatings. The final irreversible 
process produces tantalum. Table 1 gives the specifications for the two liners in this 
investigation. 

(TaF7)"2 +   3e  <^   TaF2 +  5F 
TaF2      +   2e  =>   Ta     +  2F 

Table 1. Tantalum Liners Deposited in Molten Salt 

Liner 1 
Liner 3 

Length 
(cm) 
20 
20 

Inside Diameter 
(mm) 

20 
20 

Ta Thickness 
(um) 

76 
127 

Rounds Fired 

1097 
5034 

CYLINDRICAL MAGNETRON SPUTTERING DEPOSITION FOR CYLINDERS 

Figure 2d is a schematic showing the cylindrical magnetron sputter deposition system. It 
consists of a water-cooled, current-carrying conductor (CCC), surrounded by a 99.995% pure 
tantalum target located at the center of a coaxial cylindrical substrate. The target acts as the 
cathode, and the cylinder acts as the anode and vacuum vessel. The substrate is water-cooled and 
maintains a constant temperature. A magnetic field, B, around the CCC, when combined with 
the electric field, E, in the radial direction causes electron motion in the E x B direction. This 
interaction encourages ionization in the small annular gaps. The current system is capable of a 
predeposition base pressure of 1.3 x 10"5 Pa (1 x 10"7 Torr). The sputtering gas is 99.999% pure 
argon. Argon pressures of 0.13 to 33 Pa (1 to 250 mTorr) and plasma power of 500 to 3000 
watts were used. High deposition rate sputtering, on the order of 25 um/hr, and coating 
thicknesses up to 250 urn on 45-mm cylinders were reached. Table 2 lists the cylindrical 
magnetron sputter-deposited specimens under investigation. 



Table 2. Cylindrical Magnetron Sputtered Tantalum Coatings 

Cylinder Inside 
Diameter 

(mm) 

Argon Gas Pressure 
(Pa) 

Substrate Temperature 
(°C) 

Coating Thickness 
(Urn) 

Tal3a 45 12-13 100 15 

Tal 3b 45 12-13 350 28 

Casius 45 33 NA* 125 
Tri-Layer 45 20/13/9 NA* 50 

*Not Availal )le. 

X-RAY AND PHOTOMICROGRAPH CHARACTERIZATION TECHNIQUES 

X-ray diffraction analysis was performed using Cu radiation on a Scintag PTS2000 
diffractometer. The x-ray scan range was 26 = 5° to 162°. X-ray stress analysis was performed 
using Cr radiation reflecting from the [220] planes of tantalum 26 = 157.13° on a TEC stress 
analyzer. For specimens with small radius of curvature, such as the liners with 20-mm inside 
diameter, diffraction scans were performed in both the longitudinal and hoop directions to avoid 
specimen geometry related distortions (see Figure 2c). Energy dispersive x-ray fluorescence, 
photomicrography at magnifications of 50x to lOOOx, and scanning electron microscopy up to 
50,000x complemented the x-ray diffraction analysis. Photomicrography of cross sections was 
used to reveal the differences in color and texture brought out by polishing. The harder ß-phase 
tantalum appears lighter, and the softer cc-phase tantalum appears darker in the optical 
photomicrograph. A laser photomicrograph using a confocal microscope was also obtained. 
Hardness was measured using a diamond indentor on a Leitz microhardness tester and a diamond 
pyramid on a Leco M400 microhardness tester. High-resolution pole figure analysis for the 
molten salt specimens was performed, but it is not included in this report. 

MOLTEN SALT TANTALUM-COATED STEEL LINERS 

Liner 3—20-cm long and 20-mm diameter—was coated with 127 urn of tantalum, and 
exposed to 5034 cycles consisting of temperatures above 1000°C and pressures above 700 MPa. 
After firing, it was sectioned axially into eight pieces. Figure 3a compares the x-ray diffraction 
patterns of two specimens cut 7.5-cm and 10-cm from the breech end of the liner. X-ray data 
disclosed surface a-phase tantalum, tantalum oxide (predominantly Ta2Os), copper debris (which 
came from the fired projectiles), and weak steel peaks. Figure 3b shows the ratio of x-ray 
diffraction tantalum oxide intensity-to-tantalum intensity along the axial direction for Liner 3. 
Diamonds represent the relative intensity of the Ta205 peak at 26 = 28° to the tantalum peak at 
26 = 38°. Dots give the intensity of the sum of all tantalum oxide peaks relative to the total 
intensity of the tantalum peaks. The graph shows that oxidization was higher near the breech 
end, and fell off at approximately 9-cm from the breech, reflecting the variation of operation 
temperature and pressure along the liner axis. 



Liner 1—20-cm long and 20-mm diameter—was coated with 76 um tantalum, and 
exposed to 1097 thermal cycles. The x-ray diffraction patterns of Liner 1 were very similar to 
those of Liner 3. The intensity ratio of the Ta205 peak in Liner 3-to-Liner 1 was 1.7. This 
demonstrated that oxidation of tantalum depends on the operation history, and increases with 
rounds fired. 

X-ray stress analysis of Liner 3 after 5034 rounds revealed approximately 280 MPa 
compressive residual stress toward the breech end and 560 MPa compressive residual stress 
toward the muzzle end. Figure 3c shows the sin2(\)/) curves, which were relatively linear because 
of the random crystalline orientation in molten salt-deposited tantalum. Stress measurements 
were performed in the groove area of the liners in the axial direction. Deposition residual 
stresses in the axial and hoop directions were not expected to vary significantly, but the radius- 
of-curvature and the liner geometry made it difficult to perform hoop stress determination and 
thereby verify the data. 

Figure 4a shows a photomicrograph of Liner 1 after sectioning, mounting, polishing, and 
etching. The figure shows a uniform, all a-phase tantalum coating with columnar growth, and 
surface copper debris. A 'swaging effect' resulting in an enlarged land section and a diminished 
groove section can also be seen. Note the ductility of tantalum allowed it to flow accordingly. 
Figure 4b is a photomicrograph of Liner 1, showing that the fatigue cracks are likely to occur 
near the land-to-groove transition region with very high plastic strain. Figure 4c shows the 
photomicrograph of Liner 3 giving hardness measurements performed. The average thicknesses 
of the eight sections in Liner 3 were 112 urn in the land, 90 um in the groove, and 148 urn in the 
thickest swaged areas. 

Figure 4d is a scanning electron micrograph depicting a piece of tantalum encased in 
melted copper. A crack initiated at the sharp edges of the casing, propagated toward the 
interface, and generated a pronounced crack in the steel substrate and a crack along the interface. 
Figure 4e is scanning electron micrograph depicting a crack that was initiated at the coating 
surface. The crack propagated through the thickness of the coating and generated a wider crack 
in the steel and a smaller horizontal crack along the interface. The wider crack width in the steel 
indicates that steel is much less resistant to high temperature and pressure chemical attack. 
Energy dispersive x-ray analysis showed copper, tantalum, and steel in the cracks. Fine copper 
particles were also observed in the horizontal crack along the interface. 

Figures 4d and 4e show a 2-um thick interface layer between tantalum coatings and steel 
substrate. This interface layer was previously observed in a molten salt coating with a hardness 
of -640 Vickers50 (-790 KHN50), but was not identified (ref 5). Our energy dispersive x-ray 
analysis of this layer using a 5 kV electron beam at 30,000x magnification disclosed tantalum 
and carbon in the layer. Carbon is believed to evolve from the steel substrate surface during 
tantalum deposition, and its concentration should increase with temperature. Hardness 
measurements included -240 Vickers50 (-294 KHN50) in molten salt a-phase tantalum, 810 to 
1000 Vickers50 (1000 to 1220 KHN50) in molten salt ß-phase tantalum, and -390 Vickers50 (-480 
KHN50) in the steel substrate. 



CYLINDRICAL MAGNETRON SPUTTERED TANTALUM COATINGS 

Figure 5a reveals the surface x-ray diffraction scans of two specimens cut from the same 
cylinder deposited at 12 and 13 Pa (90 to 100 mTorr) argon pressure. Tal3a was deposited at 
~150°C, and Tal3b at ~400°C substrate temperature. Tal3a, deposited at the lower temperature, 
showed predominantly ß-phase tantalum, characterized by the strong preferred [002] orientation. 
Tal 3b, deposited at the higher temperature, showed predominantly a-phase tantalum, with a 
small concentration of ß-phase tantalum, again characterized by the [002] orientation. Figure 5b 
reveals the microstructure for Tal3a. The microstructure exhibited coarse and fine growth 
columns with extensive voids. The topography, seen in Figure 5c, included dome-topped 
structures with voids. The specimen was a typical zone 1 porous structure as described by 
Thornton (refs 17-19). Figure 5d reveals the microstructure of Tal3b. This microstructure 
showed nucleation in the ß-phase, and growth of the fan-shaped a phase. The topography of the 
polished and etched Tal3b surface, found in Figure 5e, included smooth facets with dimension 
on the order of lum. Hardness measured -344 Vickersso (-426 KHN50), in Tal 3b, using a 
diamond pyramid on a Leco M400 microhardness tester. This value is close to, but higher than 
the -281 Vickers50 (-350 KHN50) hardness reported for bulk a-phase tantalum. The higher value 
was due to the small ß-phase component in the Tal3b specimen. Hardness in ß-phase, Tal3a 
was -820 Vickersso (-1009 KHN50). 

Figure 6a presents the x-ray diffraction of two other cylindrical magnetron sputter- 
deposited specimens. The top pattern is from a 50-um tri-layer coating, which was sputtered at 
20,13, and 9 Pa (150, 100, and 70 mTorr). The pattern shows surface ß-phase tantalum and a 
doublet peak at 20 = 40°. Nitrogen purging was used at the end of the deposition of the tri-layer 
coating to prevent oxidation, which may form surface tantalum nitrides. The second pattern is 
for the Casius coating deposited at 33 Pa (250 mTorr). It shows surface ß-phase tantalum with 
broadened diffraction peaks compared to the tri-layer coating. Microstrain and particle size can 
introduce diffraction peak broadening. Kinetic processes in sputtering control the physical 
characteristics of the coatings. Figure 6b demonstrates that coating morphology changed with 
changing argon pressure in the tri-layer coating: bottom layer at 20 Pa (150 mTorr), middle layer 
at 13 Pa (100 mTorr), top layer at 9 Pa (70 mTorr). Figure 6c is a laser photomicrograph of the 
specimen taken at 33 Pa (250 mTorr) showing coating porosity. This coating has a density of 
10.5 gm/cm3 calculated from weight loss of the target. At high argon pressure, porosity is 
expected due to the atomic shielding effect of the argon atoms. 

DISCUSSION 

Cullinan et al. (ref 4) have demonstrated that molten salt tantalum liners exhibited 
superior wear and erosion performance compared to chromium-coated liners in firing test results. 
Their study suggested that tantalum is an excellent choice of material for high temperature wear 
and erosion. Phase is the most important factor controlling coating performance. The current 
work revealed successful molten salt-deposited tantalum liners consisting of a soft, randomly 
oriented body-centered-cubic a-phase tantalum. Ahmad et al. (ref 5) reported on a-phase 
tantalum in as-deposited molten salt tantalum liners, and problems with liners containing ß-phase 
tantalum. However, our sputtered tantalum showed mixtures of a- and ß-, or all ß- tantalum 



phases. Sputtering parameters control the structure and morphology in sputtered coatings. Purity 
of sputtering gas, substrate nature, substrate temperature, and substrate bias can affect tantalum 
nucleation and growth. 

Westwood and Livermore (ref 20) proposed that the tetragonal ß-phase tantalum is an 
impurity-stabilizing phase that is formed to accommodate impurities in the coatings at levels 
higher than the solubility limit for the body-cubic-centered a-phase tantalum. Feinstein and 
Hutteman (ref 21) concluded that the ß-phase always resulted on substrates that contain oxygen 
or have a surface oxide. Substrates that have a high resistance to oxidation always nucleated in 
the a-phase, and included gold, platinum, rhodium, beryllium, and tungsten (ref 22). Face and 
Prober (ref 23) described deposition of a-phase tantalum using a niobium interface layer. 
Matson et o/.(ref 15) and Lee and Windover (ref 16) reported triode-sputtered tantalum with a 
niobium interface layer produced all a-phase tantalum coatings on steel cylinders, but adhesion 
improvement was needed. Current nano-electronics research uses tantalum thin films as a 
diffusion barrier, where a-phase tantalum is the preferred phase. Colgan and Fryer (ref 24) 
revealed that an interface layer of Ta(N) promoted the growth of a-phase tantalum thin films. 
Stavrev et al (ref 25) reported a transition from tetragonal ß-phase tantalum to body-centered- 
cubic Ta(N) with the addition of N2 to the sputtering gas. 

Substrate temperature is extremely important in controlling phase, density, 
microstructure, stress, and texture in nucleation and growth of coatings. Thornton (refs 17-19) 
has predicted a porous zone 1 structure resulting from depositions at high sputtering gas pressure 
and low temperature. Tantalum has a high melting temperature of 2996°C. In order to avoid 
degrading substrate steel, a substrate temperature below 500°C should be considered. At this 
temperature, T/Tm is less than 0.17, allowing only zone 1 and zone T structures. In the transition 
region, higher substrate temperature promotes growth of the zone T structure. Schauer and 
Roschy (ref 26) reported that high substrate temperature favors growth of a-phase tantalum. In 
this work, cylindrical magnetron-sputtered Tal3b deposited at a higher temperature showed a 
preferred a-phase tantalum and improved microstructure compared to Tal 3a, which showed 
porous, all ß-phase tantalum. 

Residual stresses can cause cracking, buckling, and delamination. Compressive surface 
residual stresses were observed in the after-fired molten salt tantalum coating surface, however 
no prefired specimens were available for residual stress measurement comparison. Moderate 
compressive residual stresses on the coating surface in a tensile loading environment during 
operation may be more advantageous compared to tensile residual stresses. Thornton et al. (refs 
27,28) observed very high internal stresses between 2.5 GPa compressive to 2.0 GPa tensile as a 
function of sputtering gas pressure in sputtered depositions. 

As-deposited, chromium coatings are known to suffer from extensive crack networks, 
which result from high internal stresses during deposition. During operation, the crack network 
grows due to the high mechanical and thermal stress cycling and the aggressive chemical 
environment. Hot propellant gases, such as CO, C02, H, H20, N2, NO, H2S, etc., penetrate the 
cracks and interact with the substrate causing failure in the coatings and substrate. In the molten 
salt tantalum deposition here, the soft body-centered cubic tantalum flowed and as such, 



deposition cracks were rarely observed. However, fatigue stress cracks were generated in the 
molten salt tantalum during the cyclic high temperature tensile stress loading, which allowed the 
hot gases to penetrate into the steel substrate. 

Oxidation of tantalum was observed in molten salt-deposited tantalum, and in triode- 
sputtered tantalum in our previous work (ref 16). Tantalum oxidizes to form predominantly 
Ta205 at 1400°C. Ta205 has a melting point temperature of 1872°C, and is moderately 
passivating. Our current work discovered that oxide formation increases with the number of 
rounds fired. As shown in Figure 1, the increasing oxides do not cause further degradation of the 
coatings or the substrate. 

CONCLUSIONS 

1. The molten salt tantalum-coated steel liners showed low-hardness -237 Vickersso (-296 
KHN50), a body-centered-cubic structure, random crystalline orientation, good ductility, and 
surface compressive residual stresses. 

2. Cylindrical magnetron sputter-deposited tantalum coatings on the interior surfaces of steel 
cylinders had a mixture of a- and ß- phases, or all ß-phase. The specimens showed zone 1 
and zone T microstructure. Changing sputtering gas pressure significantly affected the 
coating morphology. 

3. Current results demonstrate that elevated substrate temperatures promote the growth of tt- 
phase tantalum with a zone T microstructure. 

4. Oxidation of tantalum increases with increasing rounds of operation. The percentage of 
oxidation also depends on the axial location in the liner. 

5. Wear and erosion behavior in molten salt tantalum coatings is superior compared to 
chromium coatings because there are no deposition cracks; soft and ductile tantalum allows 
material flow with fewer fatigue cracks. Additionally, oxidation of tantalum does not cause 
further wear and erosion. 
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Figure 1. Wear versus rounds in typical electrochemical-deposited 

tantalum and chromium liners from molten salt. 

Figure 2a. Electrolyte cell used for molten salt deposition of tantalum-coated steel liners. 
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Figure 2b. Liner surface geometry showing breech and 
muzzle end and axial versus hoop directions. 

Land 
4t 

Groove 
Figure 2c. Schematic of rifling showing the distinction 

between land and groove. 
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Figure 2d. Schematic of cylindrical magnetron sputtering 
system for coating interior surfaces of steel cylinders. 
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Figure 3a. X-ray diffraction patterns of two specimens cut 
7.5-cm and 10-cm from the breech end of Liner 3. 
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Figure 3b. Ratio of tantalum oxide versus tantalum x-ray intensities as a 
function of axial distance for Liner 3. 
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Figure 3c. Residual stress at the breech end and muzzle end of Liner 3. 
(Triangles represent data at the breech end and dots represent data at the muzzle end.) 

Figure 4a. Photomicrograph of tantalum Liner 1 showing 
swaging effect of the coatings and surface copper debris. 
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Figure 4b. Photomicrograph of Liner 1 showing crack pattern in tantalum. 
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Figure 4c. Photomicrograph of Liner 3. 
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Figure 4d. Scanning electron micrograph depicting a 
piece of tantalum encased in melted copper. 
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Figure 4e. Scanning electron micrograph depicting crack 
growth in steel and along the tantalum/steel interface. 
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Figure 5a. X-ray diffraction of cylindrical magnetron sputtered Tal 3a showing predominant 
phase tantalum with traces of a-phase tantalum, and Tal 3b showing a-phase tantalum. 
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Figure 5b. Scanning electron micrograph of 
microstructure for Tal 3a. 

17 



Figure 5c. Topography of Tal3a, including domed tops with large voids. 

Figure 5d. Cylindrical magnetron sputtered Tal3b microstructure revealing 
ß-phase nucleation at the interface, and growth of cc-phase tantalum. 
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Figure 5e. Topography of Tal 3b, including faceted surface. 
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Figure 6a. X-ray diffraction of two cylindrical magnetron sputtered 
specimens, from a tri-layer coating and a Casius coating. 
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Figure 6b. Photomicrograph demonstrating coating morphology changes 
with changing argon pressure in the tri-layer coating. 

fcWKS 5 

Figure 6c. Laser photomicrograph of specimen taken at 33 Pa 
(250 mTorr) argon pressure showing coating porosity (1200x). 
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